INTRODUCTION
The concept of Environmental Information System (EIS) emerged from the concerns and the efforts carried on by world wide private and official organisations in order to promote an effective use of the environmental data. These data are of various natures such as statistics, thematic maps, or documents describing the identification and the quantification of the environmental resources. The Environmental Information Systems became institutional tools providing pragmatic solutions for sustainable development in various fields. The objective of an EIS is to increase the quality and the efficiency in the decision-making process.
To achieve this goal, the EIS requires the integration of various information processing technologies: Geographical Information Systems (GIS), Database Management Systems (DBMS), Space Imagery, Decision Support Systems (DSS), etc. However, the implementation of such an integration generates new requirements, namely, data interoperability, data description by metadata, reverse engineering from existing applications and remote data access and data processing. This leads to reconsider the analysis and the design methodology.
Another difficulty of implementation of an EIS comes from the diversity of knowledge concerning the environment and the multiplicity of actors in this field. This leads to various ways to perceive and represent data depending on the field. Actually, not only are these data complex and heterogeneous, but they are also analysed according to multiple points of view. Indeed, the analysis of any phenomenon over the environment can be made from any of the following points of view, be it economic and social, ecological, territorial, demographic or organisational. It involves problems of integration of those points of view, and organisational problems.
Finally, data availability is crucial to make an EIS operational. Indeed, an EIS is a federated information system. It interacts with many remote systems that store or produce environmental data. In spite of this distributed system architecture, there should be no failure in accessing data. Specific mechanisms are then necessary such as replicated databases [Pacitti et al., 1999] .
This chapter describes an information system reactive toward the vulnerability of the hazardous materials (HazMat) transportation. This system arises from a project involving the authors [Boulmakoul et al., 1997a] , [Boulmakoul et al., 1997b] . The project aims at developing a Spatial Decision Support System (SDSS) for hazardous materials transportation routing and monitoring. Hence, this chapter constitutes an operational contribution in the area of EIS.
This chapter is organised as the following. The next section introduces basic concepts and research works related to HazMat transport domain. Our experience and the system architecture will be described in the third section. The functioning principle is then sketched. The test zone shows a typical application context and highlights the expected benefits of such EIS.
BACKGROUND

Geographical and Federated Information Systems
Geographical Information Systems are information systems that can manage, maintain and retrieve geographical data (see figure 1) . The fundamental characteristics of these data are to be spatially referenced (i.e. localised in space), multi-source and multimedia [Laurini and Milleret, 1990] , [Laurini and Thompson, 1992] , .
The GIS provides five basic functions: geographical data acquisition, assembling different data sources, archiving these data, retrieval and analysis, and result display. The core of a GIS is a Spatial DBMS that is an extension of a conventional relational DBMS holding spatial features. The GIS contributes, in addition, to decision-making aid and allows the communication of information between several operators.
The federated databases are heterogeneous databases that offer a com- TREATMENT mon view appearing just like a unique homogeneous database. This database type has a certain number of advantages: taking into account the geographical distribution of the data, allowing for functional data distribution, a better availability of the data and robustness to the system or application failures, and a greater flexibility in sharing data. However, this class of databases involves more complexity in its implementation and its administration. For further details on federated geographical databases, refer to [Laurini, 1995] , [Laurini, 1998] .
GIS in Transport
The recent research works in the field of transport underlines the emergence of using GIS technology for the hazardous material (HazMat) routing, [Lassarre et al., 1993] . The expression "transport system", encompasses application fields such as urban planning, traffic risk analysis, HazMat transportation, monitoring of pollution generated by the traffic, the impact of infrastructure on the environment, economic analysis of the traffic demand, geographical accessibility to public transport, etc.
The coupling of GIS with this type of application brings the spatial dimension to the underlying entities. This includes visualisation or mapping and querying capabilities. Thus, in the area of HazMat transportation, the vehicle location could be viewed on the map in real time using a GIS. In addition, the GIS interacts with other systems such as GPS (Global Positioning System) or routing system by using the query mode.
Risk Assessment and Routing Problem
In the routing task, the system dynamically computes the minimum risk route from the current position to a target point, where the risk is determined for individual road segments as: risk = accident probability * damage This model of risk-assessment is part of the US Department of Transportation (DOT) guidelines [DOT, 1989] . The accident probability is itself estimated by different mechanisms among which statistical analysis on the previous accidents. The damage depends on both the population number and the value of properties potentially exposed to hazardous materials releases.
However, in case no accident has been inventoried in a road segment, the accident probability (and then the risk value) is automatically set to zero. In reality, the risk should never be a null value. So, the accident probability only based on statistical rates is incorrect. An urban expert evaluation should be considered. This evaluation is of fuzzy nature. This naturally leads to fuzzy routing problem.
Indeed, computing the minimum risk route is usually based on shortest path algorithms in the graph theory -an approach to risk graph modelling is described in [Boulmakoul et al., 1997a] -. The "fuzzification" of this approach is linked to the fuzzy graph theory.
Fuzzy Graphs Concept
The combination of fuzzy sets theory and graph theory has been first proposed by Prade [Prade, 1979] . However, it was not easy to generalise to the fuzzy context some graph methods such as the shortest path problem, because of the basic min and max operators have different behaviour in fuzzy sets context. Among the recent works in fuzzy graphs and the shortest fuzzy path problem, we should mention [Delgado, 1990] and Klein [Klein, 1991] .
Besides, an algebraic structure called "dioïd" has been introduced in [Gondran and Minoux, 1984] defining the path algebra theory. This theory was initially defined for traditional (not fuzzy) graphs. The extension of the dioïds to fuzzy graphs has been proposed by [Boulmakoul, 1998 ] in the framework of our project. This allows bringing the entire power of path algebra to fuzzy graphs.
Hazardous Materials Databases and Regulations
The regulation of hazardous materials transportation gave rise to several databases and several standards. The INRETS (the French National Institute for the Study of Transports and their Security) has undertake an evaluation of the various European databases and a study on possibilities of harmonisation of the various systems and the requirements of potential users [Fline et al., 1988] . A synthesis of these various regulations, associated with an effort of standardisation, has led to the UNO recommendations concerning HazMat Transportation [United Nations, 1993] , [Richardson, 1992] . The proposed classification and codification were used as a basis for the revision of the other regulations [Morton, 1993] . The committee of experts in harmful goods has worked out these recommendations. The UNO document constitutes a reference for the prescription analysis by class of hazardous materials.
At the present time, there exist specific regulations for each transportation mode. But they stay compliant to the UNO recommendations. Thus, the International Maritime law on Dangerous Goods (IMDG) takes up the principles of UNO by enriching them and by providing detailed information that is more adapted to maritime transport. Thus, to each UNO number of a given product, corresponds one (or several) number of IMDG code which gives, in particular, additional information on the aspect of the product, on its degree of danger, its classification such as marine pollutant, the possible types of packing, the stowing conditions, etc. This regulation was established by the intergovernmental organisation of maritime transport (OMI: Organisation Maritime Internationale). Their exists also a European regulation concerning the international transportation of hazardous materials by rail (RID), and ADR that is a compilation of texts of the European agreement concerning the international transportation of harmful goods by road.
THE MONITORING AND ROUTING SYSTEM
Nowadays, the development of an EIS should benefit from new data processing technologies. That includes mainly: (i) the contribution of the Internet to the data communication; (ii) the functionality of federated databases in the management of distributed and heterogeneous data; (iii) the interest of GIS in spatio-temporal handling; (iv) and, the potentialities of Decision Support Systems in the synthesis and the evaluation of the decisional strategies. This is precisely the principle of the EIS developed in the here-described project. So, this EIS constitutes a federated and interoperable system. It deals with a specific environmental facet concerning hazardous materials transportation. The proposed monitoring system is based on the combination of GIS and federated databases. It integrates new communication and data processing technologies to deal with the complexity of the analysis and management and planning of hazardous materials transportation.
The Global Architecture
The SDSS prototype was initially based on the technologies of both GIS and decision support system [Boulmakoul et al., 1997a] . Then, it has been extended by the integration of the GPS and the fuzzy routing algorithms. It also provides simulations by analysing the accidental scenario impact on the three main targets: the population, the environment and the economy.
Here, we present the description of the system prototype. The functional analysis of the project has highlighted the decomposition of the objective system into four homogeneous subsystems as follows:
The first subsystem concerns the relative HazMat data consolidation. This subsystem consists in a multimedia database; the particularity of the system at this level lies in the integration of the multimedia and web technology to implement this multimedia database of dangerous goods.
The second subsystem describes the geographical aspect of the project. It includes a GIS integrating spatial data and spatial knowledge as well as real time locations and properties of all harmful matter transportation vehicles to keep track of their displacement. This has been implemented within a software component named "Hypermedia GIS Kernel" in C++ and provides web, multimedia and GIS operators services.
The third subsystem constitutes the decision centre for the risk analysis performed by the simulation of scenarios; in other words, it is the decision-making unit. At this level the decision system uses a novel routing algorithm based on fuzzy graphs. The utilisation of this algorithm brings a fresh approach to solve risk analysis problems.
The fourth component is dedicated to the communication between the monitoring system and vehicles (trucks). The positioning is supposed to be established by differential GPS. This component works currently in simulation (off-line). Figure 2 describes the system communication architecture.
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Figure 2. Communication architecture and Global Positioning System (GPS) integration
In the current phase of the project, the prototype federates both the HazMat multimedia database, the communication tools for the remote access to this database, and the GIS functions. The city of Mohammedia at Morocco has been chosen as a pilot site for this project.
HazMat Multimedia Database
The security aspect is one of the most important during hazardous materials transport. The different actors of this transportation should be kept informed about the product identification and the regulation to orient their decision making. The implementation of a database meets this need by delivering useful information. The exploitation of this information varies according to the user. For instance, the conveyors need information on the law organisation of transport (route, type of engine, mission, etc). The first-aid workers are informed of emergency measures to take in the event of incidents. In the EIS presented here, hazardous materials are represented within a relational database.
The content of this database meets the international standards and takes into account all the standards of recommendations on HazMat transportation [Boulmakoul et al., 1997a] . Products are described by a list of fields and of sub-tables. Each product of the database (see figure 3) is characterised primarily by:
(i) The product identification (UNO number, CASE number, name, chemical formula, etc.), (ii) the nature of the danger, (iii) the risk and security instructions, (iv) the physical and chemical properties, (v) the emergency actions, (vi) the security documents, (vii) the general recommendations to follow when an accident happens, (viii) information on haulage contractors, (ix) historical (i.e. past) accident data, etc.
In addition to the hazardous material description, this database stores multimedia documents. This allows an intuitive and user-friendly reporting for each HazMat database product. The user interface has been designed to allow remote access via the Internet as shown in figure 4.
Fuzzy Dynamic Routing
To be correct, the urban traffic planning should integrate procedures to prevent the potential risk of HazMat transport. This is because accidents involving this type of transport may have a lot of repercussions. This includes the impacts on the population, on the environment, on the infrastructure or on the economy. The accident consequences are better quantified by fuzzy values (see figure 5 ). As emphasised in the section II.4, it is also more adequate to attribute a fuzzy value to the accident «probability» parameter. This obviously leads to fuzzy graphs and fuzzy routing in this graph. The vulnerability degree and the economic cost are given by experts in urban management. This is a dynamic routing for many reasons. First, the risk depends on the specific dangers of the transported product (toxicity, flammability…). It also depends on the local properties in the neighbourhood of each road section (as the population exposure). Those properties are precisely hold by the GIS. Furthermore, the routing considers highly variable data such as the vehicle GPS location or the traffic configuration.
The Decision Centre Functioning
The SDSS integrates many functional modules. It includes: (i) cartographic tools to represent the transportation network, (ii) a request service towards the analysis system, (iii) the data reception and treatment service that implements the multi-criteria shortest path algorithm, and finally (iv) a visualisation service that returns the results in web page form on the workstation from which the request has been sent. This workstation may be embarked in a truck.
In practice, the decision system implements algorithms and algebraic structures developed in [Boulmakoul, 1998 ] and [Boulmakoul et al., 1999b] . The first paper proposes a solution of the problem of the k-best fuzzy shortest paths. The second paper provides a method to enumerate all the fuzzy shortest paths. Concerning the general routing algorithm, our choice is not restrictive. Indeed, the graph traversal operators in a fuzzy graph could be based on either the Dijkstra or the A* well-known algorithms. Those operators are implemented as a software component of the spatial decision support system.
The urban transportation system is represented by a fuzzy risk graph that captures both the urban traffic network and the concept of accident risk. The diagram hereafter gives the main utilisation stages of the routing software component (figure 6). The Testing Context Tests have been carried out in simulation mode. Different scenarios have been simulated in the framework of the Mohammedia city of Morocco (see figure 7) . This city is particularly exposed to the dangers of HazMat transportation.
In effect, the Mohammedia has been developed specifically toward industrial activity, especially in chemical domain. This has been encouraged by its proximity to the economic capital Casablanca and its maritime facade. Consequently, there is considerable goods trade (including hazardous matters). The transport is made by four principal ways that are railroad, road, sea and pipelines.
CONCLUSION
The system discussed in this chapter testifies the integration of information technologies for the supervision and the routing of HazMat transportation. As shown in the presented architecture, the implementation of such system is complex combining several technologies and using different types of data. To this end, several partners from various domains have taken part in the project.
As illustrated in this chapter, Environmental Information Systems, by their complexity and their particularity, imply specific developments. The current prototype is under validation (see also [Boulmakoul et al., 1999a] ), and future improvements of communication aspects are anticipated. 
